Ring widths from trees on certain sites reflect climatic variation.
INTRODUCTION
Most climatic and hydrologic records in western North America are relatively short and inadequate for assessing long -term climatic variation.
The mean and variance of such records are biased by recent anomalous variation in climate such as occurred since A.D. 1900 A.D. (Lamb, 1969 Fritts, 1969b) .
Because of the recent settlement and low population of western North America, few long climatic records are available.
Still, less is known about climatic anomalies over the Pacific Ocean.
The rings of trees in certain sites from western North America provide a unique source of information on past variations of climate and other environmental factors which prevailed over North America and the adjoining oceans.
Tree -rings can be precisely dated (Stokes and Smiley, 1968) , and their widths can be used to extend the climatic record back in time (Fritts, 1969b) .
However, extraction of this climatic information from tree -rings has been limited, until very recently, because techniques were inadequate to handle the large number of variables that must often be considered. In the past it has been necessary to select highly stratified samples of trees whose growth has been similarly limited by a relatively small number of environmental variables, such as low precipitation and high temperature (at the arid forest border) or by low temperature and a short growing season (at the Arctic treeline) (Fritts, 1969b) . Although considerable success in reconstructing climate has been achieved by such stratified sampling of trees , old -aged trees on less extreme sites have not been 2 utilized and much available environmental information has probably been lost.
Recent advances in multivariate analysis and the availability of modern, high -speed computers now make feasible the objective analysis of tree -ring data representing a great diversity of responses to the environment.
Subtle variations in a variety of environmental relationships can be evaluated, and differences as well as similarities in the tree -growth response can be used to reconstruct variations in paleoclimate.
RECENT DENDROCHRONOLOGICAL DEVELOPMENTS
For many years dendrochronologists have claimed that ring -widths from trees on arid or extremely cold sites are natural records of the variability in past climate. More recent investigations show that highly significant statistical relationships exist between growth of trees on arid sites and climatic data (Fritts, , 1969a Fritts, Smith and Stokes, 1965) and that the statistical correlations are supported by reasonable cause and effect relationships (Fritts, 1969a, b) . The model for the physiological relationships, which are involved in growth on arid sites, are shown in Figures 1 and 2 and are discussed elsewhere by Fritts (1969c) .
In addition, a new technology has been developed in computer processing (Fritts, 1963; Fritts et al, 1969) and in statistical analysis, (Fritts, 1969a, b; Julian and Fritts, 1968) . This has facilitated the efficient sampling and processing of tree -ring data and aided in the objective establishment of more than 200 new replicated tree -ring chronologies from western North America representing a large geographic area and diverse species and sites.
It is possible to select a highly stratified sample of drought sensitive tree -ring chronologies distributed over a wide geographic area and map and plot departures in growth as if they were actual occurrences of drought . However, even in such a highly selected set of data there is some unexplained variability or "noise" because not all the Environmental and physiological relationships important prior to the growing season which will lead to the formation of a narrow ring in conifers growing on semiarid sites.
In addition, there are many lengthy, well -dated ring -width chronologies containing highly significant information on climatic factors which are unuseable in the above approach because growth was affected by factors other than drought during some portion of the year. For example, at certain times in the year, high precipitation and low temperatures may actually produce conditions that ultimately limit subsequent growth. The explanations for many of these relationships are well reported in the physiological and ecological literature, and some of the relationships that are pertinent to the tree -ring samples are diagrammatically shown in Figure 3 . In general, as one proceeds northward from southwestern North America, or moves to higher elevations, the conditions shown in Figure 3 
Thus the matrix, kTm, is the weighted combination of eigenvectors which best estimates or predicts kP .
P
It is desirable to utilize such matrix manipulations involving eigenvectors because the values of new variables, pXn, are unlike the original data, mFn, in that they are orthogonal or uncorrelated. This orthogonality allows the efficient and valid use of stepwise multiple regression techniques to obtain kRp and then kTm. The variables of kTm transform mFn to kPn, or in other applications estimate the response of kPn to mFn.
In practice, not all of the eigenvectors are used. Those which explain only a small percentage of the variance are eliminated and only the first p eigenvectors are retained for further analysis. The index p in our general model is allowed to vary from site to site depending upon the variance in the original data explained by the eigenvectors and their statistical significance in the tree -ring relationships under study.
RESPONSE FUNCTIONS
In this section, response functions relating ring -width chronologies to chronologies of the seasonal march of climate will be derived. Climatic data were taken from the Decennial Census of the U.S. Climate. Each datum was a monthly average for a state climatic division (U.S. Weather Bureau, 1961 , 1962 . A total of 28 climatic regions were selected which were distributed over the western mountain states. Each region either included or was near one or more sites from which the tree -rings were sampled.
Monthly mean temperatures and total precipitation for a given July and the thirteen preceding months through June of the previous year were chosen as the 28 original variables, mFn, from each region. The difference in the variance accounted for in the above two calculations provides a measure of the variance in the chronology attributed to autocorrelation and represents a lag of one to three years in the response of growth to climate (Table 1) .
A check is made on the residuals of 1P31 from the actual data 1P31 to assure that the error is randomly distributed.
At present we have calculated the transfer (response) functions for a sample of approximately 120 ring -width chronologies, many of which have been previously analyzed by other means Fritts, Smith and Stokes, 1965; Julian and Fritts, 1968; Fritts, 1969a) .
TABLE 1
The percentage of variance in selected ring -width chronologies that is related to climate and related to the growth for prior years.
The total explained variance, which is the sum of the first two columns, is also shown. (Fritts, 1962) .
Percent
The models are relatively consistent within specific sites even among different species. For example, the averages of the response functions are similar for six separate Pinus ponderosa (PP) sites and four separate Pseudotsuga menziesii (DF) sites (Table 1) However, the growth of P. ponderosa is more related to the amounts of prior growth (auto-correlation) than P. menziesii (Table 1) , and the response functions vary more from site to site ( Figure 4 ).
The response function for a Pinus edulis (Pnn) stand in the same area is also
shown.
This species is at its northern limit and exhibits some differences in response, but its chronology contains almost as much information on climate (Table 1) . The average response function, ,T28, relating standardized ring widths for three species in Colorado to standardized average monthly temperature and standardized total monthly precipitation during the fourteen months prior to and including the initiation of growth. Each point may be considered a weight associated with each climatic variable that will provide maximum reconstruction of the tree -ring chronology from the monthly climatic data. The plots may also be interpreted as the probably relative effect of a unit change in each climatic variable on a unit change in tree growth. This converts the elements to relative measures of the effect of a degree rise in temperature and an inch increase in precipitation for separate months of the year upon ring -width growth. Response functions of this form are shown for two groups of P. ponderosa. One is a stand near the arid lower forest border (solid line) and the other a stand in the forest interior near Fort Valley, Arizona (dashed line) (Fritts, Smith, Cardis, and Budelsky, 1965) . A total of 76 percent of the tree -ring variance of the forest border stand is related to climate as the trees were highly limited by environmental variables (Table 1) . Only 49 percent of the variance of the chronology from the forest interior stand is related to climate. These forest interior trees have also been intensively investigated by others (1964, 1969) .
The figure shows marked differences between the growth responses of trees along the forest border and trees in the forest interior. The response to temperature on the two sites is diametrically opposite in sign.
The response to precipitation on the arid site is marked and direct for ten northern Arizona (Fritts, Smith, Cardis, Budelsky, 1965) . Plots differ from those shown in Figure 4 in that the weight for each climatic variable is divided by the standard deviation for that variable. In this form the plots may be interpreted as the relative effect of a degree rise in mean temperature for the month and an inch increase of monthly precipitation on ring -width growth.
months in the year and inverse only for the previous July, August and February and the current June. The response for forest interior trees to precipitation is most marked in June and July. Apparently growth of trees on the forest border site is more influenced than growth of trees on the forest interior site by precipitation falling at times other than the growing season. The differences shown in these plots explain how forest interior trees like those reported by Glock (1969) differ in their response to climate from trees on the more limiting, warm and arid sites reported by . They also show the wide diversity in response obtainable from trees on neighboring but ecologically contrasting sites.
RECONSTRUCTING ANOMALIES IN PAST CLIMATE The Model
It is well accepted that variations in the width of the annual rings of trees on a given site may reflect a significant amount of information about fluctuations of the local environment. However, these fluctuations also may be manifestations of large -scale regional anomalies. These regional anomalies will be systematically reflected in spatial anomaly patterns of ring -widths from groups of trees representing sampled sites.
Such regional patterns in tree -ring-widths have been identified vía principal component analysis (LaMarche and Fritts, in press). The results indicate that a large percentage of tree -ring variance is incorporated into regional anomaly patterns which cannot be a reflection of purely local factors but may be closely related to large -scale anomalies in the general atmospheric circulation (Sellers, 1968) . These anomalies may occur in the year prior to, as well as in the year during which growth takes place. It 19 is the purpose of this section to identify some seasonal climatic anomaly patterns which can be specified from given tree -ring data, to quantify our estimating procedure using recorded climatic data for calibration, and to extend the resulting statistical relationships to estimate patterns of circulation anomaly during periods for which tree -ring data are available but climatic data are not.
Previously selected replicated tree -ring chronologies at 49 locations in western North America were used as original variables for this analysis.
The first 4 principal component patterns of tree growth (eigenvectors of the correlation matrix formed from the 49 chronologies) are presented by
LaMarche and Fritts (in press). The first 7 principal components describe large -scale regional patterns and they explain 57 percent of the total treering variance for the period A.D. 1700 -1930. This result suggests that over half of the tree-growth variance is related to large -scale macroclimatic anomalies and that spatial patterns of tree -growth chronologies may be used to reconstruct the patterns of atmospheric circulation that produce the macroclimatic anomalies.
As noted above, the present analysis is concerned with the estimation of seasonal rather than monthly circulation patterns. A seasonal climatic anomaly pattern is taken to be the pressure anomaly field for a three -month period.
The seasons were chosen to correspond with particular growing seasons (spring and early summer) in which each annual ring was formed.
The "leading" season was the summer preceding the growth of the ring. Autumn, winter and spring followed. The months comprising each season were selected so as to correspond to the "natural" seasons and subseasons as presented by Bryson and Lahey (1958) . Thus we have 
This transfer function transforms a matrix of normalized tree -ring data into estimates of seasonal pressure anomaly at an individual grid point and is identical in form to equation 5. The purpose of the matrix W is to P P weight the principal components of tree growth such that their correlation is maintained with spatial patterns of pressure anomaly throughout an entire year.
The weighted eigenvectors of tree growth, 7W7E49, in equation 13 are shown in Figure 6 and the weighted amplitudes, 7X263, in equation 11 are shown in Figure 7 .
Maps of the regression parameters, 1R3, which transform the first three tree -growth patterns into pressure estimates at each of the 100 grid points Spatial patterns of the percentage of pressure variance explained using equation 14 over the period of the dependent data (1900 -1939, 1945 -1962) are shown in Figure 11 . These patterns indicate where the best estimation of pressure was obtained. The total percent of normalized pressure variance accounted for by the equations for each season was: summer -23.7 %, autumn -20.6 %, winter -24.0 %, and spring -18.5 %. These spatially averaged percentages are deceptively low as they include areas of good prediction (these are often areas where the mean circulations are related to the weather over the sites of tree growth) as well as areas of poor prediction (these are often located "downstream" of the tree sites -see Figure 11 ). .L I/tt'.tP
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, A preliminary attempt has been made to provide some measure of verification of the reconstructed pressure maps using Lamb's (1966) published decadal maps of January and July pressure which cover the North Atlantic sector since 1800. Unfortunately, the reliability of the reconstructed maps is expected to be poor over the North Atlantic as the explained dependent variance is particularly low in this sector (Figure 11 ).
In addition, Lamb's maps are for monthly means while the reconstructed maps A square dot indicates that the five-year mean anomaly at the grid point was greater than twice the standard error, a/V5, where a is the standard deviation of the residuals, Thus, the preliminary verification presented below cannot be considered a fair test of the model.
Three broad comparisons of the North Atlantic sector of the reconstructed maps with the maps of Lamb are summarized in contingency diagrams in Table 2 . In general, the pressure maps reconstructed from tree rings do provide information about the position of the Icelandic Low (Table 2a) ; however, it was found that specifications of its intensity were not accurate. Since predictions were based upon regressions for each grid point, it is to be expected that the position of the Icelandic Low could be specified more precisely than its central value. The pressure anomalies predicted from tree -rings also provide some information on the intensity (Tables 2b and 2c ) and approximate location of the subtropical anticyclone, although detailed specification of its position was not
obtained.
An apparent reduction in prediction of pressure anomalies lasting several decades was also noted. This reduction of prediction is to be expected because the density of forest stands on semiarid sites may change slowly in response to persistent anomalies in climate. Such changes reduce the amount of low frequency variance that can be retained in the ring -width record (Fritts, 1969b) , so that it becomes a source of information emphasizing relatively short -term climatic changes.
While the verification results in the Atlantic sector do not indicate strong quantitative association, there is an apparent qualitative association between Lamb's maps and those derived from tree -ring information.
Thus, considering that the verification scheme compares seasons (winter, summer) with months (January, July) and considering that the explained variance for the dependent sample was low in the North Atlantic sector, -1899 - -1969 - (Kutzbach, 1970 Kutzbach, Hayden and Biasing, 1970) .
Similar anomaly patterns can be recognized in the pressure data estimated from tree rings for 1700 through 1900 (Figures 12, 13, and 14) , although the past patterns differ from the modern record in their intensity and frequency of occurrence. Further studies are in progress which are aimed at refining the model, verifying the reconstructions and utilizing the results.
DISCUSSION AND CONCLUSIONS
Multivariate analyses seem particularly well-suited for tree -ring research.
Principal component (eigenvector) analysis can be used to transform tree -ring or climatic data to a, reduced number of orthogonal variables.
Selection of the most important of these variables enables one to retain the large -scale regional components which may represent the macroclimatic "signal"
and to eliminate the more random components or "noise."
Since the new set of transformed data are orthogonal variables, it is efficient to use the new variables in stepwise multiple regression analyses for prediction of dependent data such as tree growth. The transfer or response functions can be obtained by combining multivariate and multiple regression techniques. These transfer functions allow the measurement of rather subtle differences in the growth responses among trees on different sites.
The results from such use of multivariate analyses do not prove causation.
However, they can be interpreted in terms of cause and effect if they are reasonable and consistent with expected physiological models and with current knowledge of the energy and water budgets of the respective trees 37 and sites.
For example, when temperature and precipitation for any given month are highly correlated, they will both be included in some of the same principal components and are both likely to appear in the values of the final response. Many of the response functions from arid -site trees show that high temperatures and low precipitation are jointly associated with low growth. It could be argued that only one of these variables actually limited growth, but because of the inter -correlation, it would be impossible in the above type of analysis to distinguish which is a causal and which is a correlated effect. However, it can be shown that temperature and precipitation are not only highly correlated, but that they interact by jointly affecting-water relations and physiological processes that become limiting to growth of trees on semi -arid sites. Since these two factors can be shown to act in consort, they should both be considered as a part of a factor complex which limits growth.
In other cases, such as in analysis of trees from well -drained sites at the upper timberline, there is good evidence that low temperature rather than high moisture may become limiting to growth. In such cases, when both variables are entered in the response functions in an inverse manner, it would be most appropriate to interpret the apparent inverse relationship between growth and precipitation as a correlated rather than a causal effect.
In the second portion of this study, it was shown that canonical correlation and regression analyses make it possible to utilize many treering chronologies to reconstruct anomalies in climatic variables such as pressure at different seasons and at a variety of grid points over the Northern Hemisphere. When the number of original variables under consideration is large, and they are likely to be correlated, it is helpful to first reduce the variables of each data set to their orthogonal principal components.
Then the canonical correlation and regression analysis may be obtained and the calculated weights can be expressed in terms of the original variables by simple multiplications.
The amplitudes for the seven eigenvectors of anomalous tree growth which are weighted to give maximum correlation with surface pressure anomalies for the year (Figure 7 ) may also provide information on other climatic variables correlated with surface pressure. Thus, it seems plausible that these amplitudes may be used in equation 10 as predictors of such variables as temperature, precipitation, or other climatic variables associated with the regions of high predictability of pressure shown in Figure 11 . The multiple regression weights, 1Rp, may be estimated for any common calibration period, and the canonically weighted tree -ring chronologies may then be used with the regression weights to reconstruct the particular climatic data for earlier years.
It is recognized that the predictions of individual seasonal anomalies obtained in the preliminary tests are undoubtedly subject to sizable error ( Figure 11 ).
Some failure of prediction could be attributed to the uniformity in the type of tree -ring data used in this preliminary analysis, to the fact that the eigenvectors of tree -ring data did not include rings formed after 1930, to some errors in the tree -ring data which are now corrected, to the choice of grid size and location, and to the arbitrary classification of the four 3 -month seasonal periods. Correction of these difficulties will be attempted in future work. A certain portion of the lack of prediction will never be overcome, as tree rings, which respond to the climate during all seasons, cannot estimate climatic variation perfectly in any one season 39 because they are also influenced by the variation in climate during the other three seasons.
It is also recognized that there may be a certain amount of non -stationarity and heteroscedasticity (Julian 1969) in tree -ring and climatic data. However, there is good evidence (LaMarche and Fritts, in press) that the tree -growth anomaly patterns of the present (1931 -1962) are similar to the anomaly patterns of the past, (1700 -1930) . Also, the sampling replication and the standardizing routines used in compiling the 49 tree -ring chronologies give a measure of objectivity and stability as the non -stationarity due to the aging of trees is removed.
Since multivariate analysis is suitable for data diversity, it is now possible to relax to some extent our, criteria for extreme selectivity of trees from arid sites (Fritts, 1969b ). It appears that one can obtain more information on seasonal variations if a number of ring -width chronologies are used that respond differently to climate throughout each season. The response functions can be utilized to select those chronologies with diverse responses.
In future work, selections will also be made for chronology length and the widest geographic coverage in order to obtain a new set of chronologies that are continuous back to A.D. 1500. Canonical analyses similar to that described here, as well as canonical regression, as described by Glahn (1968) , will be made. This latter analysis allows use of information about spatial covariance in arriving at the final regression weights.
We plan to utilize atmospheric pressure for the summer season concurrent with, as well as that preceding, the period of growth. It may also be possible to utilize a grid of climatic stations following procedures of Kutzbach (1967) , and include temperature and precipitation as well as pressure.
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We conclude from the preliminary studies that multivariate analyses coupled with multiple regression now makes it possible to readily and objectively evaluate the climatic information in ring -width chronologies. This information may be used to make reliable quantitative estimates of climatic or environmental variability, especially that which has occurred over North
America and the western sector of the Northern Hemisphere since A.D. 1500.
SIGNIFICANCE
We believe that these multivariate approaches described herein could revolutionalize dendroclimatic analysis. The physiological models are sufficiently adequate that meaningful interpretations will not be difficult to obtain. Well-defined statistical models for the response of trees to their environment can be derived readily and these can be utilized to study tree growth and environmental relationships, select tree -ring chronologies and structure new dendrochronologic sampling designs. The improved data sets should provide more reliable estimates of past atmospheric circulation and related variables of temperature and precipitation.
The response functions appear relatively stable, i.e., similar functions are recoverable when analyses are run on chronologies derived from separate sets of trees in the same site. Sometimes the response functions of two chronologies differ only in one climatic element such as precipitation during winter.
If the difference is significant (did not arise by chance), the particular climatic element may be estimated from the differences between the respective chronologies. By utilizing response functions in this way, it should be possible to develop methods of manipulating dendrochronological data to evaluate a variety of problems dealing with environment. Also the 41 response function as shown in Figure 5 is ideally suited for assessing the effects of possible weather modification. It can be used to calculate the probable effect on tree growth of a specified change in climate, such as a rise in mean temperature or precipitation during a given month.
The multivariate methods of calibration as described in the second application, when used on the improved set of ring -width chronologies, are expected to yield a wealth of climatic information which is not only objectively derived, but is dated to the exact year corresponding to the tree -rings.
Such data will provide a means for studying past climatic variability beyond existing climatic records. It appears that significant information on pressure over the Pacific and Atlantic Oceans as well as over North America will be obtained..
One approach to the study and evaluation of possible future climates is a study of past climates. A long climatic record can serve to identify the range or possible climates and the characteristics of possible climatic "modes."
The work of Lamb (1963 Lamb ( , 1966 Lamb ( , 1969 has served to establish estimates of the characteristics of natural climatic variability for the past thousand years. His work, however, is largely restricted to the North Atlantic sector and knowledge of climatic variability elsewhere in the Western Hemisphere is less quantitative. Although prediction of climatic changes remains a task for the future, some estimates of "possible" climates would be useful for planning purposes. Furthermore, as sophistication in the modelling of present climate is achieved (e.g., Manabe, et al, 1970) and attempts to simulate recent past climates are begun (Mintz, 1968) , it becomes essential that accurate maps of past climatic patterns be available for making comparisons (Sheppard, 1966) . Finally, the need for a clearer 42 understanding of "natural" modes of climatic variability is enhanced by recent hypotheses regarding man's inadvertent role in changing climate.
That is, knowledge of past climatic variability may help to discriminate between "natural" and "man-produced" or "man-accentuated" changes. 
